The application of 31P nuclear magnetic resonance spectroscopy to the study of metabolism in roots of intact corn seedlings is described. 31P_ NMR spectra of developmentally distinct parts of primary roots of whole seedlings are presented. The spectra are of quality comparable to those of excised pieces of plant tissue.
lower and/or unsustained growth rate of many excised tissues). The primary obstacle to the use of NMR to study metabolism in whole plants is probe design. The NMR probe contains a coil which is tuned to detect signals from nuclei in the sample it surrounds (6) . Commercial high resolution NMR probes do not permit the sample tube to be moved down past the coil. Hence the different regions of a long sample such as plant roots cannot be sampled by NMR without cutting the plant into pieces. In medicine, this problem has been overcome by constrution of radically different spectrometers capable of examining specific regions of large subjects (2) . One version of these medical NMR spectrometers has been used to image water in roots growing in soil (4) . However, such spectrometers are less sensitive than the high magnetic field strength spectrometers designed for chemical applications. Here, the modification of a high field spectrometer for observation of 31P in roots of whole plants is described. Vol. 86, 1988 water; liquid was removed from the upper part of the NMR tube via a peristaltic pump. Solutions were either aerated or oxygenated. Flow rates were -10 ml/min. The sample tube was inserted in the spectrometer magnet, in which was housed a specially built probe. Prior to tube insertion, the upper stack assembly (containing the sample ejection and spinner housing) was unscrewed and removed. This cleared the entire magnet bore (52 mm internal diameter) above the NMR probe, accommodating the wide portion of the sample tube in which the shoots and kernels rested.
MATERIALS & METHODS
NMR Probe. The detection coil (Fig. IB) in the probe is a slotted tube resonator, similar to that described by Alderman and Grant (1) Figure 2 . The spectra are similar in appearance to spectra of oxygenated, excised plant tissues (12) .
Peak assignments follow those determined for spectra of excised corn root tips (12) . Both spectra in Figure 2 are plotted such that the height of the methylene diphosphonate reference signal (at 0 ppm) is the same. Smaller peaks in Figure 2 therefore reflect lower contents of the particular compound. The relative amounts of the various phosphorus metabolites observed by NMR are described in Figure 3 as a function of distance from the root tip. All metabolites are found at their highest levels in the apical region of the root. For cytoplasmic metabolites this result is expected, since the apex is the region of highest metabolic activity, and the cells in the root apex are rich in cytoplasm, which contains the phosphates involved in energy metabolism. Hence the higher ratio of cytoplasmic to vacuolar phosphates seen in the tip (Fig. 4) . More surprising perhaps is the observation that the amount of vacuolar phosphate is not lower in the root apex (Fig. 3) . In root tips, vacuoles occupy a much smaller proportion of the total cell volume, compared to mature tissues away from the tip. This result suggests that root tip vacuoles accumulate more Pi than vacuoles in mature regions of the root.
The growth rate of corn roots in the apparatus described here shows higher cytoplasmic Pi levels, lower cytoplasmic pH, and lower levels of Glc-6-P. all indicators of hypoxia (13), compared to the spectrum of root apices in oxygenated medium ( Fig. 2A) . When flow of the medium is halted, these symptoms of hypoxia become more pronounced (Fig. SB) .
One consequence of the rapid growth rate of intact roots under oxygenated conditions is that root tips grow out of the detecting coil. Excised roots, because of their low growth rate, barely move with respect to the detecting coil, and spectra are relatively stable over tens of hours (9, 13) . When the NMR tube is positioned such that spectra of intact root apices are first obtained (Fig.  6A) , over time the spectra change as cytoplasmic signals weaken relative to the vacuolar Pi resonance (Fig. 6B) . This latter spectrum is of the mature cells left behind by the growing root tip. Twenty-four h after obtaining the initial spectrum of root apices, the NMR tube has to be raised 7 cm relative to the NMR probe for a root tip spectrum to be obtained again (Fig. 6C) 
